Introduction
============

Lung cancer is a devastating illness with over 220 000 patients diagnosed and more than 160 000 patients dying in the United States this year alone.[@R1] Lung cancer is typically divided into small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC), with histologies including adenocarcinoma, bronchoalveolar carcinoma, and squamous cell carcinoma. The overall 5-year survival of NSCLC, which accounts for 85% of all lung cancers, is \~16%. The traditional therapy for early stage NSCLC is surgery and potentially chemotherapy, whereas in advanced disease chemotherapy remains the mainstay of treatment. Novel targeted therapies have been utilized, such as inhibitors of the epidermal growth factor receptor (EGFR), echinoderm microtubule-associated protein-like 4 (EML-4) anaplastic lymphoma kinase (ALK) inhibitors, and anti-angiogenic agents.[@R2] However, even with the most novel agents, the response is relatively short-lived in most patients. In order to make an impact on this disease, we need to understand the basic biology of lung cancer and subsequently target the particular pathway(s) involved.

It has been demonstrated that cell motility, migration, metastasis, and cytoskeletal structures (especially actin and actin binding proteins) play an important role in lung cancer.[@R3] The focal adhesion protein PXN is heterogeneously expressed in lung cancer cell lines and NSCLC primary tumors,[@R4] and there appears to be a key role for PXN in lung cancer and its metastasis.[@R5] PXN is an adaptor protein and a target of many oncogenes such as BCR/ABL, v-Src, and human papillomavirus E6 protein.[@R6]^-^[@R8] In transformation mechanisms through these oncogenes, PXN is routinely recruited and phosphorylated.[@R8] One of the outcomes of PXN phosphorylation is the generation of specific SH2 and SH3 interaction sites that bridge integrin receptors to downstream kinases such as FAK and cytoskeletal elements actin and vinculin.[@R7]^,^[@R9] PXN interacts with FAK through its LIM and LD domains and thereby facilitates phosphorylation of FAK at Y397 that is critical for binding to downstream signaling molecules such as Src, PI3K, and SHC. Additionally, PXN recruits actin to its C-terminus LIM3 domain at sites of cell adhesion to the extracellular matrix and undergoes extensive phosphorylation during integrin-mediated cell adhesion.[@R10]^-^[@R12] There is considerable energy needed for PXN to affect cell migration, which may be elicited from the mitochondria.

Mitochondria are classically believed to play a role in formation of reactive oxygen species (ROS) and ATP production. The dynamics of the mitochondria involve fission or fusion. Fission is primarily controlled by the GTPase DRP-1 and fusion by the mitofusins MFN-1 and 2. Previously, we have shown higher DRP-1 and lower MFN-2 expression in lung cancers.[@R13] Biologically, there is more fission ("fragmentation") of the mitochondria than fusion in lung cancer cell lines as well as in lung cancer tumor tissues.[@R13] The regulation of these mitochondria dynamics could possibly be through the actin cytoskeleton.

In this study, we have systematically investigated the effects of PXN mutations on in vitro cellular functions utilizing various mutations of PXN that we previously described to be present in NSCLC patient samples. Based on the differential biological functions, six mutations (P52L, A127T, P233L, T255I, D399N, and P487L) were selected for investigating their role in the potential regulation of focal adhesions and mitochondrial dynamics. It seems clear that PXN's reach extends beyond focal adhesions and affects mitochondrial physiology. A better understanding of the intricate nature of regulation of mitochondrial morphology and dynamics by PXN variants is essential for understanding the role of mitochondrial dysregulation in cancer cell metabolism, apoptosis and tumor progression.

Results
=======

Identification of effects of GFP-tagged PXN mutations on cell morphology
------------------------------------------------------------------------

Previously, we identified several mutations of PXN in lung cancer specimens ([Fig. 1A](#F1){ref-type="fig"}).[@R5] The most frequently occurring mutation was at the A127T position of PXN coding sequence, with other most prevalent mutations identified in the LD and LIM domains. For this study, we cloned human paxillin coding sequence into pAcGFP-N1 vector and by site-directed mutagenesis introduced some of the previously identified mutations. The mutant constructs thus established were PXN S32L, P52L, G105D, A127T, P233L, T255I, D399N, E423K, P487L, and K506R ([Fig. 1A](#F1){ref-type="fig"}). Initially, to understand the biology of PXN and mutant PXN, transient transfections were performed utilizing the well-established HEK-293 cell line with transfection efficiency at approximately 30%, and cellular properties were visualized under a confocal microscope ([Fig. 1B](#F1){ref-type="fig"}). The transfection strength, focal adhesion formation, filopodia formation, lamellipodia formation, mobility, and displacement were analyzed by three different observers and reported as low (+), moderate (++), and high (+++) ([Table 1](#T1){ref-type="table"}; [**Supplemental Movies**](#SUP6){ref-type="supplementary-material"}). Even at low power magnification, the morphology of control cells (empty vector), PXN overexpressing wild-type (WT), and mutant cells was dramatically different. Noticeable differences were observed in various properties, and dramatic differences were seen for P52L (increased lamellipodia and mobility), A127T (scoring highest in all of the parameters evaluated), P233L (not as strong in filopodia formation as compared with A127T; nevertheless, strong overall), D399N (weak focal adhesions), and P487L (increased focal adhesions and lamellipodia) as compared with WT. Based on these characteristics, we identified five PXN mutants P52L, A127T, P233L, D399N, and P487L, to focus on for further analysis.

![**Figure 1.** (**A**) Diagram showing the structure of PXN and the position of mutations found in NSCLC patient samples. (**B**) Confocal images of HEK-293 cells transiently transfected with GFP tagged plasmid DNA containing various mutants of PXN. The panel represents photographs taken at a single time point of empty vector, wild-type, and each mutant.](cbt-14-679-g1){#F1}

###### **Table 1.** The chart represents visual estimations of cell size, transfection strength, appearance of focal adhesions, filopodia, lamellipodia, cell mobility, and displacement over the period imaged

  Mutant   Transfection strength   Focal Adhesion   Filopodia   Lamellipodia   Mobility    Displacement
  -------- ----------------------- ---------------- ----------- -------------- ----------- --------------
  WT       **+ +**                 **+**            **+ +**     **+ +**        **+ +**     **+**
  P46S     **+ + +**               **+**            **+ +**     **+ +**        **+ +**     **+**
  P52L     **+ +**                 **+ +**          **+ +**     **+ + +**      **+ + +**   **+ +**
  G105D    **+ +**                 **+**            **+**       **+ +**        **+ + +**   **+**
  A127T    **+ +**                 **+ + +**        **+ + +**   **+ + +**      **+ + +**   **+ + +**
  P233L    **+ +**                 **+ + +**        **+ +**     **+ + +**      **+ + +**   **+ + +**
  T255I    **+ +**                 **+**            **+ +**     **+ + +**      **+ +**     **-**
  D399N    **+ + +**               **-**            **+**       **+ +**        **+ +**     **+**
  E423K    **+**                   **+**            **+**       **+**          **+ +**     **+**
  P487L    **+ +**                 **+ + +**        **+ +**     **+ + +**      **+ +**     **-**
  K506R    **+ + +**               **-**            **+**       **+ +**        **+ + +**   **+**

At least 6--13 cells were tracked for each mutant.

Effect of PXN mutations on mitochondria and mitochondrial dynamics
------------------------------------------------------------------

During investigation of these various morphological differences, we observed that the mitochondria were localized differently in wild-type PXN expressing cells as compared with that of various mutant-expressing cells. To further dissect the differences in mitochondrial localization, we stained WT and six PXN mutant cells (P52L, A127T, P233L, T255I, D399N, and P487L) with MitoTracker Red and imaged the cells using a spinning disc confocal microscope at different z-planes. At first, cells were compared visually, and a semi-quantitative evaluation was performed to determine mitochondrial appearance and distribution pattern in the cellular compartments. Four to eight individual cells were evaluated for each transfected construct. Although all mitochondria were localized in the cytoplasm, interestingly, there was a differential cytoplasmic pattern visible in the different mutants ([Fig. 2A](#F2){ref-type="fig"}). In WT PXN and A127T, the mitochondria were arranged in the perinuclear region in a ring-like pattern, whereas in the other mutants they were predominantly distributed in the entire cytoplasm. In addition, the mitochondria were starkly visible in the moving front of the cells in the lamellipodia in all types, except in P52L (the P52L mutant cells were particularly affected by the transfection and their morphology difficult to assess visually). The complexity of the mitochondria was distinct among the various mutants. In the WT and A127T and P487L mutants, the mitochondria appeared dense and were distributed in network-like structures in the cytoplasm. In P52L and D399N, there was less network formation, and the mitochondria appeared more punctate, forming discrete circles ([Fig. 2A](#F2){ref-type="fig"} and [Table 2](#T2){ref-type="table"}). These images were further analyzed with a macro developed for measurement of different cellular and mitochondrial parameters. Three parameters, number of mitochondria (approximate total number of individual mitochondrion in each cell), mean mitochondrial intensity (the mean brightness or intensity of red mitochondrial staining in the entire cell indicating mitochondrial energy levels), and mean volume (mitochondrial volume in an image divided by the number of nuclei, indicating how much mitochondria are present in the cell) were measured ([Fig. 2B](#F2){ref-type="fig"}). P52L and P487L mutants had the highest number of mitochondria compared with all others. Parental HEK-293 as well as T255I, D399N, and P487L expressing cells showed low mitochondrial energy levels, while A127T and WT exhibited the highest levels of energy. The Mean Volume showed that WT had the highest volume of cellular mitochondria and P52L and P487L had the lowest ([Fig. 2B](#F1){ref-type="fig"}). These observations clearly, and unexpectedly, show PXN expression affects mitochondrial localization and dynamics.

![**Figure 2.** (**A**) Live-cell confocal images of HEK-293 cells expressing various mutants of PXN labelled with MitoTracker Red. The panel represents single time point photographs of untransfected parental HEK-293 cells, wild-type and mutant PXN. (**B**) Multiple images analysed with Imaris software show the number of mitochondria, mean intensity of MitoTracker Red indicating mitochondrial energy levels, and mean volume (indicating the level of average mitochondrial volume).](cbt-14-679-g2){#F2}

###### **Table 2.** The table represents visual estimations of mitochondrial appearance and localization within the cellular compartment of wild-type and mutant PXN

  Mutant   Cellular Distribution   Appearance     Comments                   
  -------- ----------------------- -------------- -------------------------- --------------------------------------------------------------------
  WT       Cytoplasmic             Perinuclear    Dense; Network; Punctate   punctate at moving front of cell; some in lamellipodia
  P52L     Cytoplasmic             Extranuclear   Discrete; Punctate         cells are not easy to define
  A127T    Cytoplasmic             Perinuclear    Dense; Network; Punctate   some adjacent normal cells also similar in appearance
  P233L    Cytoplasmic             Extranuclear   Dense; Network; Punctate   in lamellipodia at moving front of cell; dense in moving direction
  D399N    Cytoplasmic             Extranuclear   Discrete; Punctate         more pronounced at moving front (not in lamellipodia/filopodia)
  P487L    Cytoplasmic             Extranuclear   Dense; Network; Punctate   in lamellipodia

Four to eight individual cells were evaluated for each construct.

HGF/MET axis activation of PXN and effects on the mitochondria
--------------------------------------------------------------

Since PXN serves as a downstream adaptor target for various receptor tyrosine kinases, we investigated the role of PXN as a mediator between stimulation of the MET receptor tyrosine kinase and localization of mitochondria. Hepatocyte growth factor (HGF), the ligand for MET, has been shown to rapidly induce phosphorylation of PXN.[@R14]^,^[@R15] Stable transfectants of wild-type and PXN mutants in HEK-293 cells were created for further cellular functional analysis. GFP fusion constructs of PXN WT, P52L, A127T, P233L, D399N, and P487L HEK-293 cells were stimulated with HGF (100 ng/ml, 15 min) and stained with MitoTracker Red (3-D reconstructed images, [Fig. 3A](#F3){ref-type="fig"}). Upon quantitation of confocal images, it was determined that HGF induced mitochondrial swelling and increased or decreased mitochondrial staining intensity, suggesting changes in mitochondrial respiratory activity. Mitochondrial PXN content (calculated as GFP-PXN intensity at/in the fit mitochondrial surface; not total cell GFP-PXN content), mean MitoTracker intensity, mitochondrial surfaces (structures)/cell (count of fitted mitochondria in the volume of the cell), and mean mitochondrial volume/cell were calculated using the Imaris software. The baseline volume/cell for unstimulated mitochondria was higher in WT and D399N compared with most of the PXN mutants. The number of separate mitochondria was higher in P52L, P233L, and D399N; about the same in P487L; and lower in A127T compared with WT under basal conditions. Overall, there was sizable and differential response to HGF stimulation in the WT and mutants ([Fig. 3B](#F3){ref-type="fig"}). Whereas no significant difference in PXN-GFP intensity and MitoTracker Red intensity between stimulated and unstimulated cells was observed, there was a substantial mitochondrial volume change in response to HGF in WT, P52L, P233L, and D399N. Mitochondrial volume increases indicate swelling and/or increased fusion events; a decrease in volume indicates shrinkage and/or more fission events. Fission/fusion changes are detected in the numbers of separate mitochondrial structures per cell (surfaces fit per cell). For example, an increase in volume with no change in the number of structures per cell indicates swelling only. A decrease in volume with an increase in the number of structures per cell indicates fragmentation and shrinkage. No change in volume with a decrease in structures per cell indicates increased fusion. Cells expressing PXN WT, P233L, and D399N showed decrease in volume with decrease in the numbers of separate mitochondria following HGF stimulation, indicating mitochondria fusion and shrinkage in response to MET activation. P52L volume and surfaces increased with stimulation indicating swelling and more fissions following HGF stimulation. A127T and P487L mutants generally had the lowest mitochondrial volume per cell and did not change in volume after HGF treatment, but the number of mitochondria per cell increased in A127T, but not in P487L, indicating increased fission in A127T.

![**Figure 3.** Effect of HGF stimulation on HEK-293 wild-type PXN and mutants shown in (**A**) confocal images after treatment with HGF and stained with MitoTracker Red and Hoechst and (**B**) measurements of mitochondrial functions by Imaris.](cbt-14-679-g3){#F3}

Expression of mitochondrial functional proteins
-----------------------------------------------

Based on the above findings on mitochondrial dynamics, we screened untransfected HEK-293 cells, WT, A127T, P233L, and D399N PXN stable mutants for expression of mitochondrial function related proteins with and without HGF stimulation. Expression levels were plotted according to densitometry analyses analyzed and the results are shown in [**Figures S1 and S2**](#SUP6){ref-type="supplementary-material"}. Our results indicate that parental HEK-293 cells express endogenous PXN, the level of which did not change with HGF stimulation. These results are indicated by the lower and upper bands in the PXN blot in [Figure 4A](#F4){ref-type="fig"} respectively and in [**Figure S1**](#SUP6){ref-type="supplementary-material"}. WT transfectants expressed both endogenous and exogenous forms of PXN at the same level as untransfected cells, but PXN expression was doubled in all three mutants. The PXN level was not altered significantly with HGF stimulation. The expression levels of total MFN-2 did not change with PXN overexpression or HGF stimulation ([Fig. 4A](#F4){ref-type="fig"}, MFN-2 blot) whereas total DRP-1 expression was reduced by 50% after PXN overexpression in WT and all three mutants. There was no change seen with HGF stimulation ([Fig. 4A](#F4){ref-type="fig"}, DRP-1 blot). Phosphorylation of DRP-1 occurs at two sites, serine 616 and serine 637, which affect DRP-1 in opposing ways. Phosphorylation at serine 616 leads to increased fission during mitosis, whereas phosphorylation at serine 637 leads to inhibition of fission.[@R16] We found that compared with untransfected controls, cells overexpressing the WT, P233L and D399N mutants increased activated DRP-1^(616)^ expression by 50%. Treating the cells with HGF reduced the levels of phospho-DRP-1^(616)^ in untransfected and WT cells, but not the mutants. On the other hand, although parental HEK-293 did not express detectable levels of phospho-DRP-1^(637)^, we found baseline expression in all stably transfected cells as well as increased levels with HGF treatment in parental, WT, A127T, P233L, and D399N cells indicating that PXN and its mutations caused inhibition of fission in these cells. We also assessed the expression of total and phosphorylated BCL-2 in these cells. Compared with the baseline expression in parental cells, all transfectants expressed more or less the same levels of BCL-2, except P233L, which expressed slightly higher levels. We found no induction of BCL-2 by acute HGF treatment in any of the cells; in A127T, HGF reduced BCL-2 expression by 50%. Expression of phosphorylated BCL-2 (p-BCL2) was significantly higher in transfected cells compared with parental control except in A127T, which had mild increase ([Fig. 4A](#F4){ref-type="fig"}, p-BCL-2 blot, [**Fig. S1**](#SUP6){ref-type="supplementary-material"}). In all cells except A127T, HGF stimulated higher expression of p-BCL2.

![**Figure 4.** (**A**) HEK-293 cells were treated with HGF, and total protein lysates were immunoassayed to detect expression levels of PXN, DRP-1, MFN-2, phospho-DRP 616, phospho-DRP 637, total BCL-2, and phospho-BCL-2. (**B**) BCL-2 was immunoprecipitated and then blotted for PXN to assess association between BCL-2 and PXN. These blots show wild-type and mutant PXN binding to BCL-2 and their association with DRP-1 and MFN-2 in response to HGF treatment. The BCL-2 blot shows levels of BCL-2 immunoprecipitated from each sample.](cbt-14-679-g4){#F4}

Differential binding of BCL-2 with PXN mutants, DRP-1, and MFN-2
----------------------------------------------------------------

In order to explore the effect of PXN mutation on their ability to bind to BCL-2 as well as their subsequent effect on the expression of mitochondrial proteins DRP-1 and MFN-2 in response to HGF stimulation, we looked at BCL-2 binding in HEK-293 parental, WT, A127T, P233L, and D399N mutants by immunoprecipitation assay. All three PXN mutants A127T, P233L, and D399N were associated with BCL-2, although interaction of D399N with BCL-2 was minimal. There was no binding of parental HEK-293 or WT ([Fig. 4B](#F4){ref-type="fig"}). HGF treatment (100 ng/ml, 15 min) decreased association of A127T with BCL-2 ([Fig. 4B](#F4){ref-type="fig"}), with much less significant effect on the other mutants. The DRP-1 and MFN-2 blots show that each mutant was differentially bound to BCL-2. Parental HEK-293 cells showed no BCL-2 association with DRP-1, but they did show significant association with MFN-2 and no change after HGF treatment. In WT PXN overexpressing cells, there was minimal association of BCL-2 with DRP-1, but there was significant association with MFN-2, which was inhibited with HGF treatment. A127T showed interesting association patterns; although the strength of association was lower, A127T was associated with both DRP-1 and MFN-2; of further interest, MFN-2 binding increased with HGF treatment, whereas DRP-1 binding decreased. Since the number of mitochondrial structures per cell increased, perhaps this association with the fusion protein MFN-2 explains the increased fission observed (the binding may have inhibited function). P233L showed the highest association of BCL-2 with DRP-1 and MFN-2 compared with the other mutants. The association was inhibited by HGF treatment. D399N showed significant association with DRP-1 but minimal association with MFN-2. HGF treatment inhibited binding to both. The BCL-2 blot on [Figure 4B](#F4){ref-type="fig"} serves to show that equal levels of BCL-2 were precipitated from each sample.

Sensitivity to cisplatin
------------------------

Lung cancer is a heterogeneous disease, and cisplatin is a commonly used drug in therapy. Since BCL-2 and the mitochondria play an important role in sensitivity to cisplatin,[@R17]^,^[@R18] we determined if the various PXN mutants exhibited a differential response to cisplatin. Compared with control, HEK-293 cells overexpressing PXN mutations A127T and P233L were found to be more sensitive. D399N cells exhibited highest resistance to cisplatin ([Fig. 5](#F5){ref-type="fig"}). These data support a major role of PXN in cisplatin sensitivity.

![**Figure 5.** Viability of HEK-293 stably expressing wild-type PXN or mutant cells treated with cisplatin for 72 h. The graph represents percentage of cells viable after cisplatin treatment as compared to cells treated with vehicle (DMSO) only.](cbt-14-679-g5){#F5}

PXN mutation status, protein expression, and survival outcomes for patients in NSCLC
------------------------------------------------------------------------------------

As mentioned previously, we had identified a number of somatic mutations in different domains of PXN in NSCLC tumor tissues at the rate of 9.4% samples bearing mutation and 12.1% having PXN gene amplification.[@R5] Here, we analyzed the relevance between clinical outcomes of patients with mutations vs. those with wild-type PXN (WT). Since each of the PXN mutations was non-repeating, i.e., found only in a single patient sample, we treated all of the samples with mutations as a group (MT, *n* = 7) and compared them to a set of 60 wild-type PXN samples (WT, *n* = 60). There were no obvious differences in the patient demographics (race, ethnicity, sex, and age). However, the patients with PXN mutations had poorer survival rate relative to patients with wild-type PXN (*P* 0.0001), with the median survival of 2.8 mo for the mutant patients compared with 33.3 mo for the wild-type patients ([Fig. 6A](#F6){ref-type="fig"}).

![**Figure 6.** (**A**) Survival outcome analysis in NSCLC patients with wild-type versus mutated PXN. Left and right graphs show overall and individual mutant survival curves, respectively. The relative expression of PXN, p-PXN, BCL-2, FAK, phospho-FAK, Cox IV, DRP-1, and MFN-2 was evaluated by IHC on two sets of samples; seven NSCLC patient samples bearing wild-type PXN and six NSCLC patient samples that were identified to have various PXN mutations as shown in (**B**). (**C and D**) represent the averaged staining intensity scores among all WT and all mutants. (**E**) Shows graph of staining intensity scores of the proteins assayed as expressed in the cytoplasm of the cells. (**F**)The panel shows photographs of IHC stains represented in one wild-type and one mutant sample.](cbt-14-679-g6){#F6}

Expression of PXN, phospho-PXN, FAK, phospho-FAK, and mitochondrial proteins BCL-2, DRP-1, and MFN-2 in patient samples with wild-type and mutated PXN
------------------------------------------------------------------------------------------------------------------------------------------------------

A subset of the previously identified NSCLC patient tissue samples with wild-type and somatic PXN mutations were used to determine expression of mitochondrial function related proteins. The samples selected for this were from six patient samples bearing the mutations P46S, P47L, A127T, E355K, K506R, and P487L and seven samples bearing no mutations in PXN ([Fig. 6B](#F6){ref-type="fig"}). Unfortunately, patient tissue samples bearing P52L, P233L and D399N were completely depleted and not available. We determined the tissue protein expression levels of PXN, phospho-PXN, FAK, phospho-FAK, BCL-2, DRP-1, and MFN-2 by IHC. Since each of the PXN mutations was non-repeating, i.e., found only in a single patient sample, the data shown represents single patient samples harbouring mutations ([Fig. 6B](#F6){ref-type="fig"}). The staining score represents only the intensity of stain in each subcellular compartment (cytoplasm or membrane) without regard to extent of staining. In tumors with wild-type PXN, most samples expressed high intensity of PXN in the cytoplasm, as well as high expression of FAK, COX-IV, DRP-1, and MFN-2. Moreover, the wild-type samples showed no or low expression of phospho-PXN, BCL-2 and phospho-FAK ([Fig. 6C and F](#F6){ref-type="fig"}). In contrast, there was intense phospho-PXN expression in the cytoplasm of mutated samples as well as high expression of BCL-2 and FAK (in a subset of the samples) with very low or no expression of the other factors such as DRP-1 or MFN-2 ([Fig. 6D and F](#F6){ref-type="fig"}). When all wild-type staining scores were averaged and compared with the average scores of all mutants, a distinct pattern of differential expression of these proteins in the cytoplasm of the cells was evident ([Fig. 6E](#F6){ref-type="fig"}).

In the nuclei of wild-type PXN tumors, phospho-PXN and FAK were the only proteins found to be expressed, whereas in most of the mutant samples, all proteins except phospho-PXN and FAK were expressed in the nuclei. The membranous expression pattern did not differ between the two groups (data not shown).

Discussion
==========

PXN is a unique adaptor protein with association with the actin cytoskeleton. It is classically thought to be involved in cancer cell motility, migration, and invasion, and eventually with metastasis. We previously shown there were somatic mutations of PXN in lung cancer.[@R5] Utilizing constructs of wild-type and mutant PXN, we show dramatic effects of the mutations of PXN on actin cytoskeletal function, as well as alteration of mitochondrial localization and dynamics. In particular, the A127T mutation of PXN exhibited considerable biological changes in vitro.

Cancer progression and its resistance to treatment depend, at least in part, on suppression of apoptosis. Mitochondria are recognized as regulators of apoptosis, and their involvement in regulation of cancer progression and metastasis is currently gaining much focus. In 1930, Warburg suggested that mitochondrial dysfunction in cancer results in a characteristic metabolic phenotype, anaerobic glycolysis, which is characterized by a decrease in oxidative phosphorylation and a high glycolytic activity.[@R19] Positron emission tomography (PET) imaging has now confirmed that most malignant tumors have increased glucose uptake and metabolism.[@R20] Gatenby and Gillies have proposed that because early carcinogenesis occurs in a hypoxic microenvironment, the transformed cells initially have to rely on glycolysis for energy production.[@R12] These metabolic adaptations allow for a proliferative advantage, suppression of apoptosis and the breakdown of extracellular matrix, facilitate cell mobility, and increase the metastatic potential.[@R21] Mitochondria are motile, dynamic organelles that continuously change in morphology through the process of fusion and fission. Mitochondria play a central role in complex physiological processes including cell proliferation, differentiation, and apoptosis and in cellular processes of glucose sensing/insulin regulation,[@R22] cellular Ca^2+^ and ROS homeostasis.[@R23]^-^[@R26] Moreover, mitochondria are at the core of the intrinsic apoptotic pathway. The loss of mitochondrial fusion has been shown to result in embryonic lethality in mice.[@R27] Mitochondrial filaments can form a hyperfused structure in response to stress by UV exposure that in turn lead to improved cell survival.[@R28] The anti-apoptotic BCL-2 protein plays an important role in regulating mitochondrial fusion in healthy cells, with apoptosis and mitochondrial outer membrane permeabilization (MOMP) negatively regulating mitochondrial fusion.[@R30] Upon apoptotic stimuli, mitochondria display dramatic shape change before releasing apoptotic factors cytochrome c mediated by DRP-1.[@R31] DRP-1 is activated at two phosphorylation sites, serine 616 and serine 637, which act in opposing ways. Phosphorylation at Ser616 leads to increased fission during mitosis, whereas phosphorylation at Ser637 leads to inhibition of fission.[@R16]

Mitochondrial dysfunctions have been found to be associated with aging, several degenerative diseases, and cancer.[@R32]^,^[@R33] Members of the BCL-2 apoptotic pathway have also been shown to modulate mitochondrial morphology. Findings by Karbowski et al.[@R29] suggest that BAX and BAK are involved in the regulation of mitochondrial fusion through interactions with MFN-2 in healthy cells. Bax/Bak double knockout cells exhibited fragmented mitochondria, as well as abnormal localization of MFN-2. Delivani et al.[@R34] reported that the BCL-2 homolog in *C. elegans*, CED-9, interacts with MFN-2 and induces mitochondrial fusion when expressed in HeLa cells. On the other hand, the anti-apoptotic protein BCL-xL was found to stimulate DRP-1 GTPase activity and to promote mitochondrial fission.

PXN was originally identified as a focal adhesion protein that complexes with the actin cytoskeleton.[@R9] The cloning of PXN in 1995 lead to considerable advances in understanding the biology of this protein.[@R35] In particular, genetic aberrations were identified that lead to speculations that there could be a strong role for PXN in certain tumors.[@R5] We were the first to show that PXN is mutated in large cell lung cancer (18%), adenocarcinoma (9%), and squamous cell carcinoma (6%), and that these mutations are somatic.[@R5] In addition, we have demonstrated that one of the most frequently occurring PXN mutations is a gain-in-function mutation (A127T) that confers cell survival advantage and co-localizes with the anti-apoptotic protein BCL-2^5^. Herein, we systematically studied 10 mutations of PXN as described, and showed important differential in cell phenotype. In particular, certain mutants such as P52L, A127T, P233L, T255I, D399N, and P487L lead to dramatic differences in focal adhesions, lamellipodia, filopodia, and/or mobility when expressed in a common HEK-293 cell model system. In further analysis of wild-type PXN vs. select mutants, there was alteration of the mitochondrial localization and dynamics. It has been shown previously that there are differential fusion/fission mitochondrial dynamics for cancers.[@R36] The overexpression of wild-type PXN caused alteration of mitochondria, and the PXN mutations produced other alterations.

The present investigations further revealed tight and differential associations of PXN and of mitochondrial morphogenic proteins with BCL-2 and in response to HGF stimulation of the MET receptor tyrosine kinase. The D399N, A127T, and P233L PXN mutations co-immunoprecipitated with BCL-2 and were accompanied by DRP-1 and MNF-2. We have recently shown that DRP-1 and MFN-2 can be abnormal in lung cancers.[@R13] Here, we have demonstrated that the complexing of PXN with mitochondrial morphogens provides a potential mechanism to explain the mitochondrial dynamics observed in the HEK-293 model, a relatively simple system free from effects of other oncoproteins. Our results demonstrate PXN clearly has unanticipated effects on mitochondrial dynamics in addition to well-known effects on cytoskeletal dynamics and function.[@R37] It is quite possible that the abnormality of the mitochondria is also related to the actin cytoskeleton, a more direct target of PXN. Random mutations of PXN have been generated in vitro and have led to effects on focal adhesion.[@R37] Since lung cancer is a very heterogeneous disease, it will now be important to determine how the wild-type and mutant PXN interact with various oncogenes and tumor suppressor genes. It has been determined that there are various mutations of EGFR and MET receptor tyrosine kinases in lung cancer.[@R11]^,^[@R14]^,^[@R38] It would be valuable to determine if PXN synergizes with these receptor tyrosine kinases to enhance lung tumorigenesis. Also, these may be important in mechanisms of metastasis for lung cancer. Not only are oncogenes important, but tumor suppressors such as p53 are an essential component to transformation of lung epithelial cells. Thus, it would be highly beneficial to systematically analyze PXN and/or mutant PXN interactions with these various molecules in the future.

There is a large molecular heterogeneity in lung cancer, especially non-small cell lung cancer. Particularly in adenocarcinoma, mutations/genetic alterations of EGFR, ALK, ROS1, MET, and KRAS as prime examples. In squamous cell carcinoma, there are alterations of FGFR1, PIK3CA, and DDR2 to name a few. As more and more molecular "dissection" is performed on tumor tissues, we will identify that individual patients will have individual genetic/proteomic alterations. Interestingly, the downstream effectors of these oncogenes and/or tumor suppressors are just beginning to be studied. We, and others have previously shown that PXN can be a target of various oncogenes such as BCR/ABL, Crk, Src, and E6 and tumor suppressors such as p53 to lead to multiple signal transduction and cell motility/migration cascades. We had also previously shown that PXN can be amplified and/or mutated in lung cancer tumor tissue specimens. Thus, the functionality of mutations is crucial to study. It is interesting that the A127T paxillin mutant leads to increased angiogenesis phenotype (as previously published by our group). Now, we show that there are a number of cell motility changes as well as mitochondrial changes with not only A127T, but with others such as P52L and D399N. As we go forward, we should investigate further each genotype and link to phenotype.

The mutant PXN appear to have considerable gain of function. In the NSCLC patient sample set, the expression of the phosphorylated form of PXN was increased in the mutants set as compared with the wild-type PXN set. It would be also important to determine the relative levels of these proteins in primary and metastatic tumors. Since PXN was relatively high in primary tumors and increased in expression in micro-emboli, we predict that the primary and metastatic sites would be different in expression and potentially even in localization.

Lung cancer can be treated with surgery in early stage disease, and potentially radiation therapy/chemotherapy for later stage disease. In particular, cisplatin chemotherapy is the mainstay of therapy for lung cancers. We have identified that there is a differential sensitivity to cisplatin with regards to wild-type vs. mutant PXN. This sensitivity correlates with PXN effects on mitochondrial size.[@R39] It would now be useful to determine if chemotherapy can be combined with mitochondrial inhibitors in the context of PXN wild-type or mutant form. Also, due to the histological and molecular heterogeneity of lung cancers, it would also be important to perform this in relation to the various subsets of lung cancers (such as adenocarcinomas or squamous cell carcinomas). Animal modeling of PXN mutants should be established to determine the efficacy in vivo as well as the potential to contribute to metastasis.

In summary, we had previously identified several mutations of PXN in lung cancer. Now, in a systematic fashion we show that some of these mutations have considerable effects on cytoskeletal function and mitochondrial function. It would be important to determine the relationship of PXN and its mutants with cytoskeletal function and mitochondrial dynamics in lung cancer cells as well as bronchial epithelial cells. Also, this could eventually lead to a novel therapeutic opportunity.

Materials and Methods
=====================

Cell line
---------

Cells were maintained at 37 °C and 5% CO~2~ in a humidified incubator except where noted. The human embryonic kidney epithelial cells, HEK-293, (American Type Culture Collection) were grown in Dulbecco\'s Modified Eagle Medium supplemented with 10% fetal bovine serum.

PXN cloning and mutagenesis
---------------------------

The coding region of PXN cDNA was subcloned into the mammalian expression vector pAcGFP-N1 (Clontech, Palo Alto, CA). Briefly, primers 5′-CACCATGGAC GACCTCGACG CC-3′ and 5′-TCACTTGTAC AGCTCATCCA TGC-3′ were used to amplify the coding region. The PCR product was TOPO cloned into pENTR/SD/D-TOPO vector (Gateway; Invitrogen). The insert was transferred into pAcGFP-N1 after converting it into a destination expression vector using Gateway Conversion System (Invitrogen) by a recombination reaction using LR clonase II. Various mutations were introduced into the wild-type PXN insert in the pAcGFP-N1vector using the Quick Change Site-Directed Mutagenesis XL kit (Stratagene). Standard bidirectional sequencing of the inserts confirmed the incorporation of various point mutations.

Transient transfection and live-cell confocal microscopy
--------------------------------------------------------

Wild-type PXN and 17 PXN mutants generated by site-directed mutagenesis were used. For semi-quantitative analysis, the empty vector and all PXN constructs were transiently transfected into HEK-293 cells using the Mirus Bio TransIT^®^-293 Transfection Reagent (Mirus). Forty-eight hours later, cells were transferred to glass-bottomed Fluorodish (World Precision Instruments), and allowed to grow for 24 h. Live-cell confocal microscopy was performed 72 h post transfection on heated platform (37 °C) with 5% CO~2~. Transfectants were analyzed for effects of PXN mutations and to test if the mutations were sufficient for transformation into cancer-like cells. Since all transfected cells were GFP tagged, they were visualized through the green filter at 525 nm. Imaging was done for 90--120 min for each dish containing a specific PXN construct. Five data points with 5‒10 unique cells were imaged in each dish. Transfection was repeated 2‒4 times with each construct so that at least 15--30 unique cells were available for data analysis. Cells were imaged at different z-planes with an Olympus DSU spinning disc confocal microscope on a IX81 platform, 100× NA 1.45 objective, Hamamatsu C9100--12 back-thinned EM-CCD, and SlideBook acquisition software (Intelligent Imaging Innovations, Inc.). Visual observation was used to score cellular phenotype. ImageJ software (National Institute of Mental Health) was used for quantitative analyses. All microscopy described were conducted at the Integrated Microscopy Core Facility of the University of Chicago.

Semi-quantitative analysis of effect of PXN mutation
----------------------------------------------------

The images of transiently transfected HEK-293 cells tracked for 90--120 min as described above were rendered into time-lapse videos. Each video was visually scored for six cellular features: cell size, focal adhesion, filopodia formation, and lamellipodia formation, cell mobility, which is here defined as the ability of the cell to make moving motions without actually moving away from where it is, and cell displacement, which is here defined as the ability of the cell make moving motions as well as to move across a spatial plane. Seven to 14 cells were tracked for each mutant and the acquired data compiled in a semi-quantitative fashion.

Semi-quantitative analysis of effect of PXN mutation on mitochondrial dynamics
------------------------------------------------------------------------------

Transiently transfected HEK-293 cells were grown on glass bottom Fluorodishes. Immediately prior to confocal imaging, cells were stained with 50 nM MitoTracker Red (Invitrogen, M22426) in phenol red free DMEM for 15 min in an incubator and gently washed with same media. Thereafter, images were captured and analyzed in a semi-quantitative fashion to determine distribution and localization of mitochondria within the cellular compartments in each mutant. In order to further analyze the phenomenology observed for the mitochondria, the acquired images were further analyzed with a macro developed for measurement of different cellular and mitochondrial parameters. The calculations used to quantitate these features were by a novel method developed in the laboratory, which are briefly described here as Number of Mitochondria (approximate total number of individual mitochondria in each cell), Mean Mitochondrial Intensity (the mean brightness or intensity of red mitochondrial staining in the entire cell indicating mitochondrial energy levels) and Mean Volume (mitochondrial volume in an image divided by the number of nuclei, indicating how much mitochondria is present in the cell).

Stable transfection
-------------------

HEK-293 cells were stably transfected with pAcGFP-N1 vector containing wild-type paxillin and each of six mutants of paxillin (P52L, A127T, P233L, T255I, D399N, and P487L) using the Mirus Bio TransIT^®^-293 Transfection Reagent. Twenty-four hours after transfection, cells were treated with Geneticin (1000 μg/mL) to select for transfected cells. The media was replaced with fresh media every 72 h. After two weeks, the cells were harvested and sorted for GFP using FACSAria at the University of Chicago Flow Cytometry Core Facility. The collected GFP-positive cells were maintained in 200 μg/mL Geneticin and tested for GFP positivity by fluorescent microscopy as well as FACS analysis.

Confocal microscopy with HGF stimulation
----------------------------------------

Mitochondria volumes were analyzed in control and HGF-stimulated cells to investigate dynamics of PXN interaction with mitochondria. HEK-293 cells were grown on glass bottom 35 mm dishes, stained with 50 nM MitoTracker Red and 1 μg/mL Hoechst (Invitrogen, 33342) for 15 min in phenol red free DMEM, gently washed with same media followed by treatment with HGF (50 ng/mL, 15 min). Live imaging was performed on a Marianas (Yokogawa CSU-X1) mSAC spinning disk confocal system (Intelligent Imaging Innovation Co.) on an Axio Observer Z1 platform using a 100X NA 1.45 oil objective (Carl Zeiss, Jena, Germany), AOTF-switched 405, 488 and 561 excitation and 482/38, 525/50, and 607/43 nm emission filters for Hoechst, GFP, and MitoTracker Red, respectively. Images were captured on an Evolve back-thinned EM-CCD camera (Roper) under control of SlideBook software. Temperature was controlled by a full-enclosure microscope incubator (OKO Labs, Ottaviano, Italy). Images were deconvolved using Huygens Pro software (SVI, Netherlands), and 3-D surface reconstructions were fit to the MitoTracker channel using Imaris software (Bitplane, South Windsor, CT). In addition to the above described Number of Mitochondria and Mean Mitochondrial volume, the Mean intensity of GFP fluorescence within the fit MitoTracker surfaces representing either GFP inside mitochondria or GFP at the surface of mitochondria was also analyzed. All treatments were captured, fit, and analyzed using the same parameters.

Immunoprecipitation
-------------------

Cells were serum starved for six hours and then treated with HGF (100 ng/mL) for 15 min. Cells were lysed in ice cold 1% NP-40 in 25 mM Tris-HCL with 150 mM NaCl, 1 mM EDTA, 0.4 mM Na~3~VO~4~, 40 mM NaF, 50 mM okadaic acid, 0.2 mM phenylmethylsulfonyl fluoride, 1:250 dilution of Calbiochem protease inhibitor mixture III. Immunoprecipitation was performed using the Pierce Crosslink Immunoprecipitation kit (Thermo Scientific). Briefly, 10 μg of antibody (Santa Cruz Biotechnology, anti-BCL-2, SC-783) was covalently attached to 10 μl of settled Protein A/G resin using a DSS (disuccinimidyl suberate) cross linker. Equal quantities of the lysates were precleared using control agarose resin and then incubated at 4 °C on a rotator overnight with the antibody-bead complexes. Samples were then washed three times with ice-cold NP-40 buffer to remove non-bound proteins. Finally, the antibody-bound protein was eluted using the supplied elution buffer. The eluted proteins were then mixed with 5X sample buffer supplied in kit and heated to 95 °C for five minutes. Samples were stored at -20 °C prior to immunoblotting.

Immunoblotting
--------------

Protein samples were run on 4--15% Mini-protean TGX gels (Bio-Rad) and transferred onto Immobilon^TM^ membranes (Millipore). Blots were blocked using 5% BSA in TBST for one hour and probed with primary antibody overnight at 4 °C. After washing in TBST, blots were incubated with HRP-conjugated secondary antibodies for one hour at room temperature. The blots were then washed again and visualization of immunoreactive bands was achieved using LumiGLO® enhanced chemiluminescence (Cell Signaling Technology) and imaged. Antibodies and other reagents used were PXN (Invitrogen, AHO-0492), Phospho-PXN (Abcam, 32115), BCL-2 (Santa Cruz Biotechnology, SC-783), Phospho-BCL-2 (Cell Signaling, 2875), Phospho-DRP-1 (Cell Signaling, 3455, 4867), DRP-1 (Novus Biologicals, NB110--55288), MFN-2 (Epitomics, 3272--1), Actin (Sigma-Aldrich), and HRP-secondary antibodies (Cell Signaling). All other reagents were obtained from Sigma-Aldrich. Densitometry, or quantification of protein levels, was performed on the tiff-formatted images with the Image J software. The intensities of bands were compared according to their gray scale to determine relative density. Adjusted density values were determined by dividing the relative density value for each sample lane by the relative density of the loading control for the same lane.

Cisplatin sensitivity assay
---------------------------

Cells trypsinized from subconfluent cultures were resuspended in culture medium and seeded into triplicate wells of a 96-well plate (100 µl/well) at concentrations of 2.5 × 10^5^ cells/ml at standard culture conditions of 5% CO~2~ in air at 37 °C. After an initial 24 h period to allow for cell attachment, the media was replaced with fresh media containing Cisplatin (Sigma Aldrich) at a final concentration of 2.5 μM. The cells were cultured for 72 h with fresh drug introduced every 48 h. The viability of cells was assessed with colorimetric MTA assay under 570 AB using a BioTek plate reader. DMSO was used as a negative control and drug vehicle.

Tissue sample acquisition
-------------------------

The NSCLC samples used here were previously reported by our lab to have PXN mutations at various unique domains.[@R5] Six NSCLC patient samples bearing the mutations P46S, P47L, A127T, E355K, K506R and P487L and seven NSCLC samples bearing wild-type PXN were selected. The formalin-fixed, paraffin-embedded tissues samples were acquired from the archives of the University of Chicago Human Tissue Resource Center (HTRC) available to us through IRB-approved protocols. An experienced pathologist (ANH) analyzed all samples using conventional light microscopy and determined the histological subtype and tumor grade. These data were entered into our HIPAA regulated database, which included the demographic and clinical data and treatment outcomes.

Immunohistochemistry
--------------------

Samples for this study were obtained from formalin-fixed, paraffin-embedded tissues from University of Chicago HTRC through IRB-approved protocols. Tissue samples were sectioned at 5-μm thickness for immunohistochemistry (IHC). The samples were probed using specific antibodies for PXN (Invitrogen, AHO0492), Phospho-PXN (Abcam, 4832), FAK (Millipore, 05--537), Phospho-FAK (Invitrogen, 44624G), Bcl-2 (Epitomics, 1017--1) COX-IV (Cell Signaling, 4844), DRP-1 (Novus Biologicals, NB110--55288), and MFN-2 (Epitomics, 3272--1). Following an antigen retrieval protocol, tissues were deparaffinised, blocked with BSA, probed with primary and secondary antibodies, and visualized using light microscopy. Tumour sections were analyzed by two experienced pathologists (ANH, QA), and staining intensity scored by conventional light microscopy using a 0/1+/2+/3+ scale. The histological subtype and tumor grade were confirmed as well. These data were entered into our database, which included the demographic, clinical information and PXN mutational status; the correlation analyzed manually.
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